In this study of coagulation operation, a comparison was made between the optimum jar test values for pH, coagulant and coagulant aid obtained from traditional methods (an adjusted one-factor-at-atime (OFAT) method) and with central composite design (the standard design of response surface methodology (RSM)). Alum (coagulant) and polymer (coagulant aid) were used to treat a water source with very low pH and high aluminium concentration at Sri-Gading water treatment plant (WTP) Malaysia. The optimum conditions for these factors were chosen when the final turbidity, pH after coagulation and residual aluminium were within 0-5 NTU, 6.5-7.5 and 0-0.20 mg/l respectively.
INTRODUCTION
Coagulation is one of the most important processes in water treatment. It is an effective method for the removal of colloidal particles in surface water. Many researchers have applied the coagulation process to treat highly turbid water (Lin et al. ) and natural organic matter (NOM) (Zhan et al. ) present in surface water. The process is also capable of removing arsenic (Hering et al. ) and residual aluminium (Bérubé & Dorea ) from drinking water. As a coagulation process has the ability to eliminate many pollutants from surface and drinking water, the success of the process has a direct impact on the reliability of treatment plant operations and final water quality.
The effectiveness of the coagulation process is highly dependent on many factors, including dosage of coagulant and coagulant aids and also pH of the operation (Amirtharajah & O'Melia ) . By far, the most common coagulants used are aluminium sulphate (Al 2 (SO 4 ) 3 ), ferric sulphate (Fe 2 (SO 4 ) 3 ) and ferric chloride (FeCl 3 ) (Jiang & Graham ) . Studies on the performance of polymerized inorganics such as polyaluminium chloride (PACl) (Lin et al. ) and polyferric chloride (PFC) (Zhan et al. ) as coagulants are actively being carried out. The impact of pH towards coagulation has also been thoroughly investigated (Gregory & Carlson ; Bérubé & Dorea ; Zhan et al. ) .
It is well established that the choice of coagulants used, the dosing and the operational pH applied in a coagulation process make a significant contribution to the operational cost of the treatment plant. Therefore, it is important to use the optimum conditions when carrying out coagulation process so that wastage or unnecessary dosage of the associated chemicals may be prevented.
Several methods have been adopted to determine the optimum coagulation conditions such as zeta-potential measurement (Morfesis et al. ) and jar tests. Of these methods, the jar test has been commonly used to determine the best pH and dosage of the chemicals owing to its simplicity. In a typical jar test practice, the operator determines the best pH and chemical dosages by systematically changing the level of the factor (i.e. pH, dosage) one step at a time while holding the level of other factors constant. The level of the factor that results in the best response (e.g. lowest turbidity value) is then selected and used in subsequent tests which continue in the same manner for other factors. While this approach, termed as one-factor-at-a-time (OFAT), is rather straightforward, it suffers from shortcomings that may lead to a wrong conclusion. In particular, it does not fully explore the whole experimental space to find the best factors' conditions and is incapable of identifying the interaction effects resulting from the factors being considered. Due to these reasons, the typical jar test practice could have missed the actual best pH and dosage, which are possibly hidden in the experimental space not covered by the OFAT approach (Zainal-Abideen et al. ). Therefore, a statistically designed experimental approach is proposed for jar tests to overcome the shortcomings formerly stated.
Statistically designed experiments allow efficiency and are quite economical in that they require a relatively small number of experiments but are still able to be analyzed by statistical methods and result in valid and objective conclusions. The statistical approach to experimental design is crucial if meaningful conclusions are to be drawn from the data. When the problem involves data that are subjected to experimental errors, a statistical method is the only systematic approach to analyse the data (Montgomery ). The response surface method (RSM) is one example of the statistical design of experiments. It is a collection of mathematical and statistical techniques that are useful for modelling and analyzing problems in which responses (or a response) of interest are influenced by several factors or variables and in which the objective is to optimize the responses. With RSM, the interaction between factors and responses can also be determined (Montgomery ) .
RSM has been used in many optimization experiments. Ahmad et al. () explained the effect and interaction between coagulant dose, flocculant dose and pH when treating palm oil mill effluent (POME) through a coagulationflocculation process combined with membrane separation technology. Wang et al. () optimized the coagulationflocculation process to achieve minimum turbidity and sludge volume index (SVI) for paper-recycling wastewater treatment. Pinzi et al. () used the RSM to optimize the transesterification reaction for several types of vegetable oils.
Despite the application of the RSM in many experimental studies, its use in optimizing coagulation conditions with jar testing in water treatment is apparently lacking. Hence, the objectives of the study were to obtain and to compare the optimum coagulation conditions through traditional jar testing conducted by Sri-Gading water treatment plant (WTP) operators and the RSM. The variables that were considered include the coagulants and coagulant aid dosages, initial pH setting, final turbidity, settling pH after coagulation process and residual aluminium. As the control of disinfection by-products is not a problem at this WTP, NOM parameters were not included in this investigation.
MATERIALS AND METHODS

Sri-Gading WTP
Sri-Gading WTP has a treatment capacity of 72,000 m 3 of water a day and supplies water for public use in Batu-Pahat, Malaysia. Its water source is from the Bekok River. For nearly a decade, the Bekok River has registered a low pH of less than 5.5 due to the acidification process of acid sulphate soil within the river basin (Aris et al. ) .
In identifying its best coagulation conditions, SriGading WTP has adopted an adjusted OFAT jar test whereby only the coagulant dosing is systematically altered and not the coagulant aid and pH of the coagulation. This situation is because the WTP is more concerned about the amount of coagulant used as compared with any other chemicals as its usage is considerably higher than the others. For the record, the daily average cost ratio of coagulant aid to coagulant at Sri-Gading WTP is 1:240. Apart from the coagulant aid, the coagulation pH has also been kept constant during the actual jar test as the WTP focuses more on the pH after coagulation. As long as the pH after coagulation is within 6.5 to 7.5 or around neutral, the initial pH for coagulation is immaterial. Usually, this initial pH value is set in the range of 7.2-8.0 and its mean value calculated from the last year's historical data is 7.55.
Materials
Alum (liquid aluminium sulphate) and polymer (Nalclear 8173 PULV) respectively were used as the coagulant and coagulant aid at Sri-Gading WTP. To adjust the raw water pH to the desired pH, hydrated lime was used. Both alum and hydrated lime used were obtained from Damini Corporation, Malaysia while polymer was delivered from Usaha Kimia (Malaysia).
Experimental setup
Raw water sample collected from Sri-Gading WTP was brought to Universiti Teknologi Malaysia (UTM). This sample was used to carry out traditional and statistical designed (CCD RSM) jar test experiments at a bench scale. Characterization of water quality was carried out in accordance with Standard Methods (APHA et al. ). Table 1 summarizes the water quality for the raw water sample.
Before proceeding to the jar test experiment (conducted using a Chemix Floc-Tester Model CL-4), the initial pH of the water sample was adjusted by utilizing 1% hydrated lime solution. Jar test mixing speeds and time were set according to the WTP practice: rapid mixing of one minute at 200 rpm; rapid mixing for 2 min at 100 rpm; slow mixing for 3 min at 50 rpm; slow mixing of 10 min at 25 rpm; settling time of 30 min. Alum, followed by polymer, was added at the start of the fast (200 rpm) mixing stage. The ranges of initial pH, alum and polymer concentration used in the jar tests are explained below in the 'traditional jar test' and 'RSM jar test' subsections.
Following the 30 min settling period, the pH of the solution was measured with a pH meter (model 410, Thermo Orion) and samples were withdrawn 2 cm below the water surface by using a 25 ml glass pipette (Hirschmann, Germany). Samples were taken for turbidity and residual aluminium analysis. Turbidity was determined by a turbidity meter (HI 93703, Hanna Instrument). Residual aluminium was measured through Aluminon method (adapted from Standard Methods) using a spectrophotometer (DR 5000, Hach Company, USA).
The optimum conditions for jar tests were selected when the coagulated water from Sri-Gading WTP achieved settling pH between 6.5-7.5, turbidity below 5 NTU and residual aluminium less than 0.20 mg/l through minimum usage of alum, hydrated lime and polymer. According to World Health Organization guidelines (), the upper limit of turbidity for finished water is 5 NTU and the USEPA sets the secondary maximum contaminant level in drinking water for aluminium to be 0.20 mg/l (Sawyer et al. ) .
Traditional jar test
Following the WTP practice, the alum dose was varied between 8-18 mg/l for a water sample with turbidity between 5 to 10 NTU and the initial pH for jar test was raised to 7.6. It is also the WTP practice to set the polymer dosage constantly at 0.02 mg/l. Table 2 shows the initial pH and the dosages of alum and polymer used in these experiments.
RSM jar test
A three-factor CCD with four replicates at the centre points was employed in designing the RSM jar test. In total, 18 runs were required in order to complete the experiment. This approach is to fit a quadratic surface which leads to optimization as well as experimental error for this study (Multifactor RSM Tutorial ) . Alum dosage (A), initial pH (B) and polymer dosage (C ) used in this experiment were the three independent variables in the coagulation process. The range and level of factors used are presented in Table 3 . They were developed from the pH and coagulants dosing historical data used in the jar test conducted daily at the plant for the last 1-year period (Zainal-Abideen et al. ). The Design-Expert software (version 7.1, StatEase, Inc., Minneapolis, USA) was used for regression and graphical analyses of the data. The optimum values for the variables were obtained in two ways: (i) by direct reading from RSM table (Table 4 ) and (ii) by carrying out the optimization procedure in the Design-Expert guide (Multifactor RSM Tutorial ). 
RESULTS AND DISCUSSION
Traditional jar test Table 2 shows the results of the traditional jar test for the water sample. It can be clearly observed that all runs gave acceptable results as the responses are within acceptable conditions. According to the WTP practice, the best condition for coagulation was chosen through direct reading from Table 2 (i.e. run 3), where it gave the lowest turbidity value, its settling pH is near to neutral (∼7) and the residual aluminium is below 0.20 mg/l. Therefore, the chosen values of alum dosage, initial pH and polymer dosage obtained through traditional jar test were 12 mg/l, 7.6 and 0.02 mg/l respectively.
RSM jar test
The role of the traditional jar test carried out at Sri-Gading WTP was to obtain the optimum coagulation conditions almost on the spot. If the RSM jar test is substituted for the traditional jar test at the WTP, it is difficult for the operators to identify the optimum conditions immediately as the results need to be analysed through the optimization procedure in the Design-Expert guide. Therefore, without eliminating the necessity to execute the optimization procedure to obtain the best coagulation conditions, it is suggested that they look directly at the RSM results shown in Table 4 , as this table can identify one type of optimum condition almost instantaneously. From Table 4 , it is evident that almost all runs gave an acceptable quality of coagulated water except for runs 3, 5 and 6 in which the coagulated sample did not meet the requirement in either settling pH or residual aluminium. Through direct reading of the RSM table (Table 4) , run 12 was decided to be the optimum coagulation condition as its coagulated water had the third lowest turbidity and satisfied other requirements. Although runs 4 and 10 produced even lower turbidity coagulated water than run 12 and met settling pH and residual aluminium conditions, they utilized higher alum dosages. The conditions for run 12 were alum dosage: 7 mg/l, initial pH: 6.9 and polymer dosage: 0.016 mg/l.
In order to obtain the optimum coagulation conditions through the optimization procedure in the Design-Expert guide, the regression models formulated by the software relating responses and factors in terms of coded factors need to be examined. Whenever necessary, statistically insignificant terms were eliminated through backward method and/or response transformation were carried out to form significant models. The generated multiple regression equations are as follows:
Settling pH ¼ 6:
The analysis of variance (ANOVA) for the regression models (1), (2) and (3) are summarized in Table 5 . A model is significant at the 95% confidence level if the Fisher F-test has a probability value (Prob > F ) below 0.05. The lack of fit (LOF) F-test describes the deviation of actual points from the fitted surface, relative to pure error (Anderson & Whitcomb ) . A large value of Prob > F for LOF, possibly greater than 0.05, is preferred. A high R 2 value is desirable and a reasonable agreement with adjusted R 2 is crucial (Ghafari et al. ) . Adequate precision (AP) is defined as a measure of the experimental signal to noise ratio (Anderson & Whitcomb ) ; an AP that exceeds 4 usually indicates that the model will give reasonable performance in prediction. The standard deviation (SD) and the coefficient of variation (CV) are shown in Table 5 . PRESS, the prediction error sum of squares, is a measure on how well the model for the experiment is likely to predict the responses in a new experiment. The SD, CV and PRESS values are preferred to be small (Montgomery ). The regression model (1) is a significant model as its Prob > F value is smaller than 0.05. In this particular water sample, the second-order effect of polymer (C 2 ) is the only significant model term. The function of polymer is to improve the effectiveness of coagulant in coagulation process. Long-chain charged synthetic and natural polymers (polyelectrolytes) can act to destabilize colloids by forming a bridge between one colloid and another. One charge site on the long polymer can adsorb onto a site on one colloid, while the remainder of the polymer molecules extend into solution. If the extended portion of the polymer becomes attached to another colloid, then the two colloids are effectively tied together and form flocs (Sawyer et al. ) . The flocs may then be easily removed through the flocculation process; hence reducing the turbidity of water. The Prob > F for LOF is large and this situation implies that the LOF of the model is insignificant. Even though the R 2 value is relatively low, it is in good agreement with adjusted R 2 . It is worth pointing out that a good regression model does not depend on a large value of R 2 as R 2 is not very well suited to assess outcomes from planned experiment ( (2) is also a significant model with a Prob > F value of 0.0096. The main effect of alum (A) and polymer (C ) dosage are the significant model terms. From the regression model, the addition of alum will reduce the pH. This may be explained by Al (III) ions hydrolysis phenomenon to form soluble monomeric (Equation (4)) as well as polymeric species, H þ ion and solid precipitates when alum is mixed with water (Jiang & Graham ) . This will reduce the pH of treated water.
The regression model (2) has a relatively good R 2 value (0.5469) and is in good agreement with the adjusted R 2 . The AP value was greater than 4 while the SD, CV and PRESS values are small. A significant model with Prob > F value of 0.0059 is produced to form regression model (3) when the response has been transformed by inverse square root to provide a better fit. In this case, the two level interactions of alum dosage and initial pH (AB) as well as the second-order effect of alum dosage (A 2 ) and initial pH (B 2 ) are the (Figure 1 ) help us to judge if the model is satisfactory. These plots indicate an adequate agreement between real data and the outputs from the models. Desirable criteria were set up to obtain the optimum jar test condition through RSM. The criteria were minimum dosages of alum and polymer; initial pH setting and settling pH after coagulation were in the ranges of 6.9-8.1 and 6.5-7.5 respectively; turbidity must be minimum and below 5 NTU and residual aluminium must be below 0.20 mg/l. With multiple responses, the optimum condition is one at which all parameters simultaneously meet the said desirable criteria. This result could be visualized graphically by superimposing the contours of the response surfaces of the regression models (1), (2) and (3) in an overlay plot. Graphical optimization displays the area of feasible response values in the factor space and the regions that do fit the optimization criteria would be shaded (Ghafari et al. ) . The shaded area in Figure 2 shows the RSM optimum jar test condition for the desirable criteria mentioned earlier.
One of the conditions in the region is displayed in Table 6 . Experiments were conducted to determine whether the predicted results by the models are attainable. The experiments were carried out in triplicate and the responses expressed in Table 6 were the mean of the three experimental results. From these results, it is observed that the responses predicted through the regression models and measured from the experiments were in close agreement.
Traditional vs. RSM jar test
The alum dose for optimum coagulation obtained through the traditional method was nearly double the one obtained through the RSM jar test. For the polymer, its dosing in the traditional jar test has always been set to be 0.02 mg/l regardless of the condition of the raw water. On the contrary, for this particular raw water sample, it was observed from the RSM experiment that it was not necessary to use 0.02 mg/l of polymer. Instead, the optimum polymer doses obtained from direct reading of RSM table and RSM optimization were 0.016 and 0.004 mg/l, respectively. Nonetheless, the initial pH set for coagulation in the traditional jar test that produced coagulated water that satisfied the WTP requirement was the same as the initial pH setting for optimum coagulation acquired through RSM optimization. The pH setting obtained through direct reading of RSM table was amongst the lowest. Although the water turbidity after applying the traditional method was lower than the RSM jar test, both methods gave water turbidity below 1 NTU. The pH values after flocs settlement acquired through both methods were lower than their initial pH settings and met the optimum condition. The residual aluminium concentrations from both traditional and RSM jar tests were below 0.20 mg/l.
CONCLUSIONS
The quest for optimum coagulation operational pH, alum and polymer dosages through RSM has been successful. It proved that the RSM jar test generated lower optimum alum and polymer dosages than the traditional jar test and was still able to produce comparable and acceptable quality of coagulated water in terms of pH after flocs settlement, turbidity and residual aluminium. The interaction between these factors and responses in coagulation process were clearly demonstrated through RSM. RSM jar testing requires a greater number of runs compared with the adjusted OFAT or traditional jar test. Should the actual OFAT jar test is be implemented at Sri-Gading WTP, similar number of runs may have to be conducted as the polymer dosing and the initial pH for coagulation must also be varied. Nevertheless, the purpose of this investigation is not to replace the traditional jar test by RSM but is a part of an investigation to form an empirical relationship between raw water quality parameters and the best coagulation conditions obtained through traditional and RSM methods in term of pH and chemical dosing. 
